The purpose of this study was to compare total energy expenditure (TEE) in extremely premature infants during and after an episode of sepsis. We hypothesized that TEE in the sepsis group (SEP) would be higher during the septic period and higher than an age-matched control group (CTL). We further hypothesized that the TEE of the SEP group during the recovery period would be similar to that of the CTL group. The doubly labeled water method was used to determine TEE in both groups. Infant characteristics were as follows: SEP group, n ϭ 10, gestation ϭ 26 Ϯ 1 wk, birth weight ϭ 854 Ϯ 218 g; CTL group, n ϭ 10, gestation ϭ 26 Ϯ 1 wk, birth weight ϭ 880 Ϯ 158 g. TEE of the SEP group during the septic period was significantly greater than during the recovery period (96 Ϯ 25 kcal/kg/d versus 55 Ϯ 17 kcal/kg/d) and significantly greater than the CTL group during the first study period (96 Ϯ 25 kcal/kg/d versus 67 Ϯ 12 kcal/kg/d). TEE in the SEP group during the recovery period was similar to the CTL group. These increases in TEE may contribute to impaired growth and need to be considered when providing nutritional support for extremely premature infants. I nfections remain a common and important problem in premature infants. Late-onset sepsis (Ͼ72 h of life) occurs in approximately 20% of very low birth weight infants and 35% of extremely low birth weight infants (1). Morbidities in survivors of late-onset sepsis are significant and include neurodevelopmental disabilities and poor growth outcomes (2). Understanding how particular clinical conditions in extremely premature infants (Ͻ29 wk of gestation) affect nutritional requirements is necessary to support optimal growth. Specifically, the effect of late-onset sepsis on energy expenditure and requirements has not been evaluated in extremely preterm infants. Studies in adult subjects with sepsis have documented 50%-90% higher energy expenditures (3-5); a 20% increase in energy expenditure has been measured in full-term neonates with early-onset sepsis (6).
I
nfections remain a common and important problem in premature infants. Late-onset sepsis (Ͼ72 h of life) occurs in approximately 20% of very low birth weight infants and 35% of extremely low birth weight infants (1) . Morbidities in survivors of late-onset sepsis are significant and include neurodevelopmental disabilities and poor growth outcomes (2) . Understanding how particular clinical conditions in extremely premature infants (Ͻ29 wk of gestation) affect nutritional requirements is necessary to support optimal growth. Specifically, the effect of late-onset sepsis on energy expenditure and requirements has not been evaluated in extremely preterm infants. Studies in adult subjects with sepsis have documented 50%-90% higher energy expenditures (3) (4) (5) ; a 20% increase in energy expenditure has been measured in full-term neonates with early-onset sepsis (6) .
The purpose of this study was to measure TEE in extremely premature infants during an episode of late-onset sepsis and again after recovery using the doubly labeled water technique. To control for the potential effect of time, TEE was also measured in a control group of age-and gestation-matched extremely preterm infants without sepsis. We hypothesized that TEE would be higher in the septic group during the septic episode compared with recovery. We further hypothesized that TEE would be higher in the septic group during sepsis compared with the control group.
METHODS

Subjects.
The study population consisted of two groups. The first included 10 infants with sepsis (SEP group) documented by a positive blood culture. The second was the CTL group of 10 infants without sepsis. Infants were eligible for inclusion in the study at Ͼ72 h of life with birth weights Ͻ1500 g and gestational ages Ͻ29 wk. Exclusion criteria included any chromosomal and/or congenital anomalies, seizures, or necrotizing enterocolitis. Variance expressed as mean Ϯ standard deviation (SD). Patient characteristics at birth for the SEP group were a mean gestational age of 26 Ϯ 1 wk, mean birth weight of 854 Ϯ 218 g, mean length of 34 Ϯ 3 cm, and a mean occipitofrontal circumference of 24 Ϯ 2 cm. Patient characteristics for the CTL group were a mean gestational age of 26 Ϯ 1 wk, mean birth weight of 880 Ϯ 158 g, mean length of 34 Ϯ 2 cm, and a mean occipitofrontal circumference of 23 Ϯ 1 cm. The CTL group was matched to the SEP group for gestational age, weight, and chronological age. This study was approved by the Institutional Review Board of Indiana University-Purdue University at Indianapolis, and informed consent was obtained from the infants' parents or legal guardians before initiation of the study.
Study timeline. TEE was determined for each group during two study periods of 7 d. For the SEP infants, the first study period occurred during the septic episode, while the infants were being treated with antibiotics; the second study period was after sepsis had resolved and infants were no longer receiving antibiotics. The time between study periods was at least 7 d with a mean of 11 Ϯ 5 d (range, 7-21 d). Energy expenditure was also measured in the CTL group during two study periods when the infants were age-matched to the SEP group.
Energy expenditure. The doubly labeled water method (7, 8) was used to calculate TEE in both groups. This method is a noninvasive technique using stable isotopes of deuterium ( 2 H) and 18 O to measure TEE over time in free-living individuals. Deuterium is eliminated from the body as labeled water, whereas 18 O is eliminated from the body as labeled water and CO 2 . If both the oxygen and hydrogen elimination rates are known, the CO 2 production rate can be determined. Total body water (TBW) was determined from the dilution of the isotopes in the body water pool. Once the TBW is known, TEE can then be calculated from the TBW measurement, the CO 2 production rate, and the respiratory or food quotient.
After collection of a baseline urine sample, 2 H-and 18 O-labeled water [2.0 g of H 2 18 O/kg, 10.0 atom % excess (Cambridge Isotope Laboratories, Inc., Andover, MA) and 0.08 g of 2 H 2 O/kg, 99.8 atom % excess (Isotec, Inc., Miamisburg, OH)] was administered via orogastric tube. Sequential urine samples were collected for the next 24 h for determination of the TBW pool size. Daily urine samples were then collected for 7 d for determination of the isotope elimination rates. On the last day of each study period, an additional dose of doubly labeled water was administered (1.0 g of H 2 18 O and 0.04 g of 2 H 2 O/kg) and serial urine samples were collected over 24 h to assess any changes in TBW over the study period. All urine samples were obtained from cotton balls placed in the infant's diaper and the dates and times of collection were recorded. Samples were prepared using standard vacuum techniques and analyzed using isotope ratio mass spectrometry (Finnigan MAT 252, San Jose, CA).
Energy intake. Weights and caloric intakes (enteral and parenteral) were recorded daily. Clinical status and medications were also recorded throughout the study periods.
Calculations. Isotope dilution spaces were calculated from the amount of isotope administered and the baseline and peak concentrations of the isotopes in the urine, according to the formula:
3 ), where DS (kg) is the body dilution space, A (g) is the dose administered to the subject, W (g) is the amount of laboratory water used to dilute the dose for analysis, E a is the change in the isotopic enrichment of the laboratory water after addition of the dose, a (g) is the amount of the dose added to the laboratory water in the dose dilution, E d is the change in enrichment of the body water pool after the administration of the dose.
TBW was calculated from the dilution spaces of both deuterium and 18 O (9). Because the body dilution spaces of oxygen and hydrogen are not identical, TBW (kg) is defined as DS divided by 1.01 and 1.04, respectively. No difference in TBW pool size was found between isotopes, and the mean values were used in further calculations. No difference in TBW pool size (expressed as % body weight) was found between the beginning and end of the study period. However, because the infants were growing over the 7-d study periods, the mean TBW pool size was determined from the following equation (10): TBW (kg) ϭ (TBW 1 Ϫ TBW 2 )/ln (TBW 1 /TBW 2 ), where TBW 1 is the initial TBW and TBW 2 is the final TBW expressed in kilograms. In cases where the difference in initial and final TBW is small, this value is nearly identical to the average of the initial and final values.
The isotope elimination rates were calculated from the decline in isotope enrichments over the study period. The rate of CO 2 production (rCO 2 ) in mole/d was then calculated by the following equation (7, 8) : rCO 2 ϭ 0.445 ϫ TBW ϫ (1.01 k 18 Ϫ 1.04 k 2 ), where 0.445 is a factor that incorporates the fractionation of deuterium in water vapor, 18 O in water vapor, 18 O in carbon dioxide, and an estimation of transcutaneous water losses, as described by Jones et al. (7) ; TBW is in kilograms and k 18 and k 2 are the calculated elimination rates of 18 O and deuterium, respectively. The rCO 2 is then converted to daily TEE in kcal/d using the Weir equation (11): TEE ϭ 22.4 ϫ (1.10 rCO 2 ϩ 3.94 rO 2 ) Ϫ 2.17 ϫ U N , where rO 2 is calculated from the respiratory quotient (RQ) or food quotient (FQ) of the diet, and U N is the 24-h urinary nitrogen excretion in grams. In practice, the contribution from the last term is minor and can be ignored. An RQ of 0.91 was used in the calculations, as suggested for infants in this age group (12) (13) (14) . Alternatively, FQs could be used for calculation. FQs were determined for all infants during each study period. The FQ did not differ between groups or during study periods (SEP period 1: 0.86 Ϯ 0.04, period 2: 0.86 Ϯ 0.02; CTL period 1: 0.86 Ϯ 0.02, period 2: 0.85 Ϯ 0.02). Using FQ rather than RQ would increase all energy expenditure values by 5%, but would not change the conclusions of this study.
Statistics. Results were compared using paired t tests and analysis of variance. All results are expressed as mean Ϯ SD. Table 1 shows infants' characteristics during both study periods. No statistically significant differences existed between groups in age or weight during the study periods. Diagnoses in the SEP group included coagulase-negative Staphylococcus (n ϭ 6), Escherichia coli (n ϭ 1), Enterococcus (n ϭ 1), coagulase-negative Staphylococcus and Escherichia coli (n ϭ 1), and coagulase-negative Staphylococcus and Enterococcus (n ϭ 1). All infants in the SEP group had a documented positive blood culture. All infants in this group had mild to moderate respiratory distress syndrome during the septic period (period 1), and all required mechanical ventilation (ventilator rate 35 Ϯ 9, PIP 15 Ϯ 3, PEEP 5 Ϯ 1, FiO 2 0.35 Ϯ 0.09). All infants in the CTL group during period 1 also had mild to moderate respiratory distress syndrome: five required continuous positive airway pressure or nasal cannula oxygen, and five required mechanical ventilation at ventilator settings similar to the those in the SEP group (ventilator rate 31 Ϯ 9, PIP 16 Ϯ 5, PEEP 5 Ϯ 1, FiO 2 0.38 Ϯ 0.10). During period 2, four infants in the SEP group and one infant in the CTL group required mechanical ventilation at settings similar to those in period 1. The remainder of the infants in both the SEP and CTL groups during period 2 required continuous positive airway pressure or nasal cannula oxygen, with the exception of one infant in the CTL group in room air. All infants in both groups were in servo-controlled isolettes to maintain a skin temperature of 36.5°C during the study periods.
RESULTS
Subjects.
Energy expenditure. The results of TEE are summarized in Table 2 . Figure 1 shows the TEE results for the SEP group during the septic episode (period 1) and after sepsis had been resolved (period 2); Figure 2 shows the results of TEE of all infants in the CTL group during both study periods. The mean TEE in the SEP group during the septic period was 96 Ϯ 25 kcal/kg/d compared with 55 Ϯ 17 kcal/kg/d during recovery. The mean TEE was nearly double during sepsis compared with the recovery period (p Յ 0.002). All infants showed a decrease in TEE during recovery from sepsis, although two infants showed small decreases in TEE of 3 kcal/kg/d and 10 kcal/kg/d. The mean TEE in the CTL group during period 1 was 67 Ϯ 12 kcal/kg/d compared with 69 Ϯ 17 kcal/kg/d during period 2. These were not significantly different. In comparing the two groups, the TEE of the SEP group during the septic episode was significantly greater (p Յ 0.02) than that of the age-matched CTL group. Energy expenditure in the SEP group during the recovery period was lower than in the CTL group, but this difference did not reach statistical significance.
Energy intake. The results of energy intake are summarized in Table 2 . Energy intakes were obtained for all infants from medical records. During the septic period, the SEP infants received a combination of parenteral nutrition and orogastric feedings (62 Ϯ 19% parenteral nutrition); during the recovery period, all infants received orogastric feedings. Four of the CTL infants during period 1 received parenteral nutrition and orogastric feedings (48 Ϯ 25% parenteral nutrition); the remainder of the CTL group received orogastric feedings only. All CTL infants received orogastric feedings during period 2. The mean energy intake for the SEP group during period 1 was 106 Ϯ 12 kcal/kg/d and 120 Ϯ 12 kcal/kg/d during period 2. Energy intake was significantly lower in these infants during the septic period compared with the recovery period (p Յ 0.002). The energy intakes for the control group were 116 Ϯ 11 kcal/kg/d and 117 Ϯ 15 kcal/kg/d for periods 1 and 2, respectively. There was no statistically significant difference in energy intake in this group.
Energy balance. The results of energy balance as estimated by energy intake minus energy expenditure are summarized in Table 2 . The septic infants were in modestly positive energy balance during period 1 (9 Ϯ 24 kcal/kg/d, seven of 10 subjects in positive balance) and in strongly positive energy TBW. The mean % TBW for the SEP infants during period 1 was 81 Ϯ 7% and during period 2 it was 76 Ϯ 5% (p Յ 0.05). The mean % TBW for the CTL infants during period 1 was 79 Ϯ 6% and during period 2 it was 78 Ϯ 6%. There were no statistically significant differences in the % TBW between groups.
Weight gain. The weight gain for septic infants during period 1 was similar to the weight gain for these same infants during period 2 (16.
DISCUSSION
In the present study, TEE was measured in extremely premature infants during a culture-positive septic episode and again during recovery. TEE during sepsis was approximately 70% higher compared with recovery, and TEE was higher during sepsis in each individual subject. TEE during sepsis was also approximately 40% higher compared with an age-and gestationmatched control group. After recovery, TEE in infants who experienced sepsis was similar to that in control infants.
The present study used the doubly labeled water technique to determine energy expenditure without altering the clinical environment. Energy expenditure was measured over 7 d reflecting the energy needs over a reasonable period, although the method does not assess day-to-day changes in energy expenditure. The doubly labeled water method has been used successfully in difficult-to-study populations, including preterm infants with chronic lung disease on and off steroids (13) . The method has been extensively validated, including in healthy term infants, infants recovering from surgery, and preterm infants (7,14 -18) ; however, the method may be better suited for the estimation of TEE of groups rather than individuals (15, 19) . Potential errors can be produced by fractionation of isotope via insensible water loss as well as reentry of isotopic label, but the effect of these factors on TEE estimates are relatively small (3%-4%) and occur in opposite directions. In the present study, both control and septic infants shared the same clinical characteristics (except sepsis) and were studied in the same environment, so both groups experienced any errors of the method. In addition, TEE estimates of the control group are consistent with measurements made by respiratory calorimetry in subjects of similar gestational and postnatal age (20, 21) . It therefore seems likely that the determinations made in the present study reasonably reflect energy expenditure during sepsis in extremely preterm infants.
The present study is limited by a relatively small sample size-10 subjects each in the SEP and CTL groups. However, despite the small sample size, consistent elevations of TEE were observed during sepsis in the SEP group and in comparison with the CTL group, lending credibility to the findings. The characteristics of the 10 septic extremely premature infants studied are similar to those observed in large population studies, both in the age of acquisition of late-onset sepsis and in the predominance of Gram-positive organisms (coagulasenegative Staphylococcus, in particular) (1) . Sepsis in the extremely preterm infant of the present study resulted in a 40%-70% increase in TEE for the group, even with a predominance of coagulase-negative staphylococcal infections. The magnitude of this increase, although large, is similar to that observed in a number of studies of septic adults. Frankenfield et al. (5) determined that resting energy expenditure was 90% greater than the predicted basal energy expenditure in adults with sepsis and organ dysfunction. Koea and coworkers (4) showed a 40% increase in resting energy expenditure and a 50% increase in TEE in septic compared with nonseptic patients; similar results have been obtained in septic patients with peritonitis (3). In a recent study of normal term newborns with early-onset sepsis, Bauer et al. (6) determined that resting energy expenditure was increased by 20% for the first 3 d and 15% at d 4 compared with control infants. It is important to point out that these term infants with sepsis were mildly ill and did not require supplemental oxygen or mechanical ventilation. In addition, only six of 10 of the term infants had positive blood cultures. Nevertheless, the effect of sepsis to produce increases in energy expenditure in term infants is consistent with the findings of the present study.
The specific factors responsible for the increase in TEE during sepsis cannot be precisely delineated from the present study. However, it does not appear that respiratory status and the need for mechanical ventilation during sepsis was a primary factor. When energy expenditure measured in septic infants during the septic period (all on ventilators) was compared with the five control infants who required mechanical ventilation, the findings remain significant and the magnitude of the difference is unchanged (96 Ϯ 25 kcal/kg/d sepsis versus 69 Ϯ 11 kcal/kg/d control, p Յ 0.05). There was also no relationship in the present study between the type of bacteria producing sepsis and TEE, although the number and variety of organisms is clearly limited. Sepsis-induced changes in cytokines are a more likely mechanism for the increase in TEE. Cytokines were not measured in the present study, but they are known to be increased in neonatal sepsis (22) and to be important modulators of energy metabolism (23, 24) .
In summary, late-onset sepsis produced by typical organisms (including coagulase-negative Staphylococcus) in extremely preterm infants increases TEE by 40%-70%; these elevations in TEE appear to be a quite consistent response to sepsis. Sepsis in extremely premature infants is documented to adversely effect growth outcomes (2) , and significant increases in energy expenditure are likely to be an important contributor to this finding.
